An Algorithm for the Selection of Structure for Artificial Networks. Case Study: Solar Thermal Energy Systems  by Timma, Lelde & Blumberga, Dagnija
 Energy Procedia  72 ( 2015 )  135 – 141 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Riga Technical University, Institute of Energy Systems and Environment
doi: 10.1016/j.egypro.2015.06.019 
International Scientific Conference “Environmental and Climate Technologies – CONECT 2014” 
An algorithm for the selection of structure for artificial networks. 
Case study: solar thermal energy systems 
Lelde Timma*, Dagnija Blumberga 
Riga Technical University, Institute of Energy Systems and Environment, Azenes iela 12/1, Riga, LV 1048, Latvia 
Abstract 
Despite perceived simplicity of solar thermal collectors, failures occur during operation. Therefore fault detection and isolation 
tools for these systems should be investigated. One of the critical parts for the development of fault detection and isolation is 
model selection. Within the paper, a specific algorithm for the selection of fault detection and an isolation model is elaborated 
and presented. The developed algorithm was applied for a solar and pellet combisystem. Through application of the proposed 
algorithm, a model based approach with recurrent structure of artificial neural networks is chosen for the development of a fault 
detection and isolation model. 
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1. Introduction 
Since the prices for energy resources are growing, interest to integrate solar collectors in heat supply systems also 
increases. Despite the perceived simplicity of solar thermal collectors, failures occur during operation [1]. De Keizer 
et al. [2] showed that over 50 % of solar thermal projects reported defects in the first ten years of operation.  
In solar combisystems when the solar loop is not working, the heat is supplied by the auxiliary energy source. In 
order to have sustainable energy systems, any situation whereby the energy resources available for “free” (like solar 
energy) are wasted is not acceptable. Moreover the monitoring and controlling equipment needs to have highly 
 
 
* Corresponding author. Tel.: +371 67089943; fax: +371 67089908. 
E-mail address: lelde.timma@rtu.lv 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Riga Technical University, Institute of Energy Systems and Environment
136   Lelde Timma and Dagnija Blumberga /  Energy Procedia  72 ( 2015 )  135 – 141 
 
adaptive, complex algorithms, which are able to deal with dynamic, interconnected systems, and the monitoring 
system should be simple, cheap to install and suitable for wide range of systems. Next generation monitoring and 
control equipment should have a “memory” and “learning and prediction skills”, and thus be able to continue to 
adapt algorithms for a controlled system without supervision and to notify an owner about the fault in the system in 
real-time or even before a fault has actually occurred. All the features mentioned above can be achieved within the 
artificial neural network (ANN). 
ANN becomes useful for fault detection and isolation (FDI) within a system [3]. Therefore fault detection and 
isolation (FDI) tools for solar thermal systems should be investigated. A fault diagnostic system for the solar water 
heater was developed by Kalogirou et al. [4] for two climate conditions: Cyprus and France. He et al. [5] used an 
adaptive resonance theory for construction of the ANN. The authors concluded that the ANN can effectively 
recognize a different failure in the system, starting form fatal ones to slowly developing ones. The investigation on 
application of the ANN to describe the performance of the solar combisystem has been done by Leconte, Achard 
and Papillon [6], but the authors did not investigate the occurrence of faults. According to our knowledge, there is 
currently no ANN developed for FDI of solar combisystems.  
One of the critical parts for the development of a FDI system is the model selection for the specific situation. 
Within the paper, a specific algorithm for FDI model selection module is elaborated and presented. The developed 
algorithm was applied to a solar and pellet combisystem. 
2. Methodology 
2.1. Artificial neural network model 
The early aim of the application of artificial intelligence was to simulate a brain structure and its functions. The 
main objectives were to store and to represent the acquired knowledge, to give a solution to a problem based on the 
acquired knowledge and, finally, to obtain new knowledge while a system is running [7]. The mathematical model 
of the basic ANN structure is given in Eq. (1). 
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Where xi (i = 1,2,…, n) are the input signals from n external neurons transmitted to the neuron k and wki is the 
weight between the i-th external input and the neuron k. The output from the summation function is uk. 
When information flow is only directed forward (from inputs to outputs) and a set of neurons are connected 
together, the network is called a feed-forward neural network, which is of a static nature (for constant inputs, the 
outputs are constant). A recurrent neural network has at least one path that leads back to the starting neuron. Since 
the output of the neuron cannot be the input to itself, the architecture of the neuron should take into account the time 
variable. In the recurrent network the output of a neuron is a function of its past value. For each connection, a delay 
is assigned. Each delay is an integer multiple of a time unit – therefore the recurrent neural network is a dynamic 
and discrete-time system [3]. 
The application of an ANN for fault detection has considerable advantages over other models, since ANNs can 
deal with complex problems, where traditional deterministic algorithms are exhausted. Another advantage of the 
artificial neural networks in comparison to the conventional modelling approaches is less effort and expertise on the 
behaviour of a system under the study is needed for the construction of the valid model [3].  
2.2. Fault diagnosis schemes 
The FDI systems can be divided in: model based, knowledge based and data analysis bases approaches. The next 
sections discuss the role of the each class.  
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The model based approaches are founded on the parameter or state estimation. The general application for the 
model based approach is in the field of control theory and when the ANN with a high degree of accuracy is needed 
[8]. The schematic of the model is given in Fig. 1 a). 
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Fig 1. Fault diagnosis schemes with the ANN a) model based b) knowledge based c) data based fault diagnosis adapted from [8]. 
The ANN in this case replaces the analytical model that simulates the process under the normal conditions (see 
Fig. 1 a) “Residual generator”). The training data for ANN can be obtained directly from the process or from the 
simulation model. The main drawback of this approach is that the simulation model should have a high degree of 
accuracy. The accuracy of the simulation model is also important since usually faulty operation conditions are not 
performed on the real system, but implemented on the simulation model. Later data about faulty situations are feed 
to the ANN in order to train the network to recognize predefined faults. After training the ANN is able to perform 
residual generation process on-line. The transformation of quantitative data obtained from the residual generation 
module is converted to the qualitative one in the residual evaluation module. The task of the residual evaluation is to 
assign each symptom pattern to the specific pre-defined class of faulty and fault-free case [3, 8].  
The knowledge based approaches are using expert or qualitative reasoning within the network. Two types can be 
distinguished: rule based and qualitative simulation based models. In the case of the rule based model, the diagnostic 
rule is derivate from the process structure and the function of units, and the expert knowledge is used to handle 
uncertain information. For the case of qualitative simulation, the same path as for the model based approach can be 
applied with the difference that the diagnostic of signals is based on the logical rules pre-programmed by the expert, 
see Fig. 1 b). The main drawback of the knowledge based approach is that it is an effort demanding procedure [3, 8].  
For the data analysis approaches two methods can be cited: neural network based and multivariate statistical data 
analysis based fault diagnosis. For the first method only the data in the form of the measurements for faulty 
operation conditions is required. By training procedure, the symptoms of faults are classified in the weights of the 
ANN, see Fig. 1 c). In the case of data based fault diagnosis, the ANN is used as a pattern classifier. For the 
application of a multivariate statistical data analysis model, the pattern of the faulty operation is extracted from the 
operational data by statistical methods. The statistical data analysis model can also be implemented within the ANN 
[3, 8]. 
2.3. Experimental system 
A solar combisystem represents a unit, which combines solar collectors and an auxiliary heater and provides both 
domestic hot water and space heating for a consumer. For purposes of this research, a solar and pellet combisystem 
installed in a 4-storey multi-family building and operation with a wood pellet boiler as the auxiliary energy source 
was chosen, see Fig.2 for hydraulic scheme.  
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Fig. 2. Hydraulic and monitoring scheme of the experimental solar combisystem [9]. 
The hydraulic concept (Fig.2) is designed for domestic hot water preparation and recirculation, space heating, 
accumulation and utilization of solar thermal energy and heat energy from a pellet boiler. 
2.4. Deterministic mathematical simulation model 
The simulation model was developed in the environment of a transient simulation program TRNSYS 16.1 and 
validated by Žandeckis [9], with the error of internal energy balance of 0.3 %. This simulation model was previously 
used in research by Rochas et al. [10] and Žandeckis et al. [11]. Within this research, the simulation model was 
employed for the modelling of fault-free and faulty operation conditions within the solar combisystem.  
3. Results and discussion 
Within the paper, a specific algorithm for FDI model selection is elaborated using literature review and expert 
knowledge. The algorithm was crosschecked for structural validity; therefore it can be defined as valid for research 
purposes. The algorithm is applied for the solar combisystem described within the methodology part. Modern 
methodology of FDI distinguishes between the model based, knowledge based and data analysis based approaches 
[3]. Selection of these models can be made by following the algorithm shown in Fig.3. 
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Fig. 3. Algorithm of fault detection and isolation model selection module. 
Logical “IF” functions contain various parameters for studied process, data monitoring system, simulation model 
and accuracy needed for the process simulation. The initial step is to quantify if an accurate model for the analysed 
process is needed, or in some cases, is even possible, see Fig.3.  
In case when an accurate representation of the process is possible and needed, either on field measurements or a 
realistic model of the process should be developed. Usually the “accurate” simulation model should have at least 
confidence level of 90 %; the “accurate” model is needed for high resolution and high confidence level of results 
obtained by the FDI module. Therefore the “yes” or “no” route for the first IF function is based on the general 
objectives of the FDI module under development. In  case when the objective of a FDI module is at the highest 
possible resolution and confidence level, the accurate model of the process should be considered. 
In cases when the accurate model is needed, the next steps should consider the availability of data from the 
process. In this case, the process happening at the study object is meant as the “process”. Can we monitor the 
processes under the study? Do we have data points for this process? The simulation model is needed in the case 
when data cannot be collected from the process directly. This simulation model is also needed when faulty operation 
data from the process is not available. In the case when at least two components are available from these (1) data 
from process, (2) data from faulty operation and/or (3) simulation model, the model based approach can be 
implemented. The model based approach usually is applied for the control theory and parameter or state estimation. 
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To be able to capture the dynamic environment of the process, the model based approach should further incorporate 
recurrent ANN [8]. 
For the situation when an accurate representation of the process is not possible or is not needed both the 
knowledge based and data analysis based approaches should be applied. 
The knowledge based approach is applied in cases when a precise process model is not available, but a general, 
quantitative model of the processes is known. The quantitative simulation model is then feed with expert or fuzzy 
knowledge. The knowledge is needed for both normal and abnormal operation conditions in order to use a 
knowledge based approach. 
The data analysis based approach is used in case when only data about operation under faulty conditions is 
available. Under these conditions, two main methods of neural network based fault diagnosis and multivariate 
statistical data analysis based fault diagnosis are used. 
For the model based approach both feed-forward or recurrent neural network structures can be used, for 
knowledge based and data analysis, the most commonly applied structure is feed-forward.  
Within the study the developed algorithm was applied to a solar and pellet combisystem given in the 
methodology part. The accurate model of the process will be needed because the authors would like to detect faults 
with high resolution and at a high confidence level. Data can be collected from the system see Fig.2 with hydraulic 
and monitoring scheme. Since the experimental system is installed in a multifamily building, faulty operation 
conditions cannot be simulated on site, and therefore a simulation model is used. The simulation model (given in 
Section 2.4) will imitate faulty operation conditions for the combisystem. Since an accurate model is needed, data 
from the process is available and faults will be simulated in the model, therefore the model based approach with 
recurrent structure of artificial neural networks is chosen for the development of a fault detection and isolation 
model.  
Conclusions 
Within the study the algorithm for fault detection and isolation model selection have been elaborated, which 
allows to choose the most suitable fault detection and isolation approach from the model, knowledge and data 
analysis based approaches.  
A structural scheme of logical IF function for the selection of appropriate approaches is elaborated. Logical 
functions contain various parameters for studied process, data monitoring system, simulation model and accuracy 
needed for the process simulation. 
A solar and pellet combisystem has been chosen from “family” of solar thermal energy systems for the case 
study. By applying the proposed algorithm, a model based approach with recurrent structure of artificial neural 
networks is chosen for the development of a fault detection and isolation model. 
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